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Available online 27 January 2016The habenula consists of a pair of small epithalamic nuclei located adjacent to the dorsomedial thalamus. Despite
increasing interest in imaging the habenula due to its critical role in mediating subcortical reward circuitry,
in vivo neuroimaging research targeting the human habenula has been limited by its small size and low anatom-
ical contrast. In this work, we have developed an objective semi-automated habenula segmentation scheme
consisting of histogram-based thresholding, region growing, geometric constraints, and partial volume estima-
tion steps. This segmentation schemewas designed around in vivo 3 Tmyelin-sensitive images, generated by tak-
ing the ratio of high-resolution T1w over T2w images. Due to the high myelin content of the habenula, the
contrast-to-noise ratio with the thalamus in the in vivo 3 T myelin-sensitive images was signiﬁcantly higher
than the T1w or T2w images alone. In addition, in vivo 7 Tmyelin-sensitive images (T1w over T2*w ratio images)
and ex vivo proton density-weighted images, along with histological evidence from the literature, strongly cor-
roborated the in vivo3 T habenulamyelin contrast used in theproposed segmentation scheme. The proposed seg-
mentation scheme represents a step toward a scalable approach for objective segmentation of the habenula
suitable for both morphological evaluation and habenula seed region selection in functional and diffusion MRI
applications.
© 2016 Elsevier Inc. All rights reserved.Keywords:
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Geometric constraints
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The habenula (Hb), a pair of highly conserved epithalamic nuclei
(Aizawa et al., 2011; Bianco and Wilson, 2009), plays a central role in
mediating the midbrain monoamine nuclei underlying subcortical re-
ward circuitry (Hikosaka et al., 2008; Hikosaka, 2010; Proulx et al.,
2014). The left and right Hb are connected by the habenular commis-
sure (Kim, 2009), located just superior to the posterior commissure
(PC), and can be divided into functionally distinct lateral Hb (LHb)
and medial Hb (MHb) portions (Hikosaka et al., 2008). These can be
further divided into several subnuclei based on cellular morphological
features (Díaz et al., 2011). The LHb has gained increasing atten-
tion due to its interneuron-mediated inhibition of the ventral tegmental
area (VTA), downregulating mesolimbic reward activity across a rangeBox 1234, New York, NY 10029-
), junqian.xu@mssm.edu (J. Xu).of animal models (Geisler and Trimble, 2008; Matsumoto and
Hikosaka, 2007, 2009; Proulx et al., 2014). Other midbrain LHb projec-
tions indirectly inhibit the dopaminergic substantia nigra pars compacta
(Geisler and Trimble, 2008) and serotonergic dorsal raphe nuclei (Meye
et al., 2013). TheMHb serves a similar role in modulating activity of the
interpeduncular nucleus (Viswanath et al., 2014), further inﬂuencing
monoamine signaling (Nishikawa et al., 1986). The Hb thus exerts sub-
stantial inﬂuence to the subcortical reward and mood systems.
Morphologically, reduced postmortem Hb volume has been docu-
mented in depression (Ranft et al., 2010) and may be especially
pronounced in people with major depressive disorder (MDD) (Savitz
et al., 2011b). Recent case reports from two treatment-resistant MDD
patients describe symptom improvements following deep brain stimu-
lation (DBS) targeting the Hb (Kiening and Sartorius, 2013; Sartorius
et al., 2010), supporting the proposed link between Hb dysfunction
and MDD. Given its functional importance and potential role in psychi-
atric disorders, accurate localization and segmentation of the Hb in
neuroimaging studies is important for morphological evaluation, DBS
146 J.-W. Kim et al. / NeuroImage 130 (2016) 145–156targeting (Sartorius and Henn, 2007), and seed region selection in both
functional magnetic resonance imaging (fMRI) (Lawson et al., 2014;
Hennigan et al., 2015; Erpelding et al., 2014; Ely et al., under revision)
and diffusion magnetic resonance imaging (dMRI) (Shelton et al.,
2012; Strotmann et al., 2014).
To date, however, in vivo imaging of the human Hb has been a chal-
lenge. The Hb is a small structure, reported as approximately 32 mm3
per hemisphere in postmortem histology (Ranft et al., 2010), and
borders the third ventricle and dorsomedial thalamus just superior to
the PC and anterior to the pineal gland. Most anatomical MRI studies
have manually deﬁned the Hb by exploiting its slight hyperintensity
relative to the surrounding tissue in T1-weighted (T1w) images
(Savitz et al., 2011a, 2011b; Carceller-Sindreu et al., 2015). Histological-
ly, this T1w hyperintensity reﬂects the high myelin content of the Hb,
originating from the terminating and passing white matter ﬁbers of
the afferent stria medullaris (SM), originating ﬁbers of the efferent
fasciculus retroﬂexus (FR), bilateral connecting ﬁbers of the habenular
commissure, and small myelinated ﬁbers distributed throughout the
Hb (Díaz et al., 2011). Unfortunately, such manual segmentation ap-
proaches are inherently subjective.
Recently, Lawson et al. proposed a geometric approach to triangulate
the Hb region based on anatomical landmarks (Lawson et al., 2013),
which they used to deﬁne the Hb in a follow-up fMRI study (Lawson
et al., 2014).While reasonable as ameans of choosing fMRI seed regions,
their approach deﬁnes the lateral boundaries separating the Hb
from the thalamus based on the manual selection of a landmark, the
mesopontine junction, a few centimeters away from the Hb. Conse-
quently, Hb segmentation results from this method are less appropriate
for morphological evaluation than those based on manual Hb segmen-
tation from T1w images (Savitz et al., 2011a, 2011b; Carceller-Sindreu
et al., 2015).
Recently, pioneering high-resolution quantitative in vivo and ex vivo
7 T imaging studies of the Hb have showed lower T1 and T2* values in
the Hb than the surrounding thalamic tissue (Strotmann et al., 2014).
Attempt has also been made to use ultra-high-resolution (60 μm)
ex vivo T1 and T2* maps to classify Hb subdivisions (Strotmann et al.,
2013). Although quantitative imaging at ultra-high ﬁeld is a promising
approach for Hb research, the limited number of cases in these pilot
studies prevented a generalizable quantiﬁcation of contrast-to-noise
ratio (CNR). Moreover, previous literature has not addressed the possi-
bility of automated segmentation based on clear Hb contrast in widely
available anatomical images at lower ﬁeld strengths.
In this study, we propose an objective semi-automated Hb segmen-
tation scheme based on local MRI signal properties within and around
the Hb to yield segmentation results suitable for both morphological
evaluation and Hb seed region selection in fMRI and dMRI studies. We
used a combination of T1w and T2-weighted (T2w) anatomical images
to improve the CNR for segmentation. It should be noted that the term
“T2w image” is a radiological convention; the contrast in these images
actually derives mainly from variations in tissue T1, proton density,
and magnetization transfer effects if slice-selective radio frequency
(RF) pulses are used (Glasser et al., 2014). Recent studies have described
substantial gains in sensitivity to subtle myelin content differences
through the use of “myelin maps” generated by taking the ratio of
aligned T1w and T2w images (Glasser and Van Essen, 2011). In light
of the ongoing debate over the exact myeloarchitectural interpretation
of these T1w/T2w images, we will refer to them as “myelin-sensitive
images” hereafter in this manuscript. This technique has so far been pri-
marily applied to cortical imaging, particularly for improved discrimina-
tion of areal boundaries (Glasser et al., 2014; Shafee et al., 2015). In this
study, we have extended the concept of the myelin-sensitive images to
enhance subcortical Hb myelin contrast for objective Hb segmentation
in in vivo 3 T neuroimaging studies. Additionally, we have obtained
in vivo 7 Tmyelin-sensitive images and ex vivo proton density-weighted
(PDw) images of Hb tissue samples to corroborate the in vivo 3 THbmy-
elin contrast.Methods
Image acquisition
In vivo 3 T
Anatomical datawere obtained from ﬁfty unrelated healthy subjects
(age = 29.5 ± 3.7 years, 27 female) randomly selected from the public
WU-Minn Human Connectome Project (HCP) 500 Subjects Release
(Van Essen et al., 2012). The HCP structural acquisition protocol has
been detailed previously (Glasser et al., 2013). Brieﬂy, 0.7-mm isotropic
resolution T1w and T2w images were acquired with a 32-channel head
coil on the WU-Minn 3 T HCP Connectom Skyra (Siemens, Erlangen,
Germany) with TR/TE/TI = 2400/2.14/1000 ms, ﬂip angle (FA) = 8°
for T1w acquisition, and TR/TE = 3200/565 ms for T2w acquisition.In vivo 7 T
Images originally acquired from six healthy subjects (median age=
32 years) at 7 T for an auditory cortex study were reanalyzed. As de-
scribed in the previously published study (De Martino et al., 2015),
0.6 mm isotropic resolution T1w- and T2*-weighted (T2*w) images
were acquired with a 24-channel head coil on an actively shielded 7 T
whole body Siemens Magnetom scanner (Erlangen, Germany) with
TR/TE/TI = 3100/3.5/1500 ms, FA = 5° for T1w acquisition, and TR/
TE = 4910/16 ms, FA = 8° for T2*w acquisition.Ex vivo 7 T
Two axial sections (about 80 × 72 × 40mm3 and 95 × 88 × 15mm3,
respectively) of midbrain tissue containing the Hb were collected from
twomales (73 and 68 years) who had died of heart diseases. The tissues
were ﬁxed in formalin formore than 2weeks, transferred to phosphate-
buffered saline for storage, and immersed in perﬂuoropolyether
(Fomblin, Solvay Solexis, NJ) before imaging. For each of the samples,
3D spoiled gradient recalled echo (GRE) PDw images were acquired
for approximately 60 h with a 32-channel head coil (Nova Medical,
Wilmington, MA) on an actively shielded 7 T whole body Siemens
Magnetom scanner (Erlangen, Germany) at 200 μm isotropic resolution,
TR/TE = 9.5/3.47 ms, FA = 6°, generating 164 (224 slices) and 384 (96
slices) averages, respectively.In vivo image processing
All HCP 3 T data were pre-processed with the HCP PreFreeSurfer
pipeline (Glasser et al., 2013) for gradient non-linearity distortion cor-
rection, anterior commissure (AC)–posterior commissure (PC) align-
ment, and T2w to T1w image registration. Two sets of ﬁnal images
were calculated, with and without bias ﬁeld correction [i.e., dividing
each voxel intensity by an approximated bias ﬁeld (BiasField_acpc_
dc.nii.gz), the square root of the product of T1w and T2w intensities,ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
T1w  T2w
p
], for Hb-thalamus CNR comparison. Myelin-sensitive
images were generated by taking the ratio of aligned T1w to T2w
(Glasser and Van Essen, 2011) or T1w to T2*w (De Martino et al.,
2015) for in vivo 3 T (Fig. 1) and in vivo 7 T (Fig. 2) data, respectively.In vivo 3 T habenula segmentation
The overall Hb segmentation scheme from in vivo 3 T high-
resolution structural (T1w and T2w) images (Fig. 3) consists of ﬁve
steps: (i) region of interest (ROI) initialization, (ii) histogram-based
thresholding, (iii) region growing, (iv) geometric constraints, and
(v) partial volume estimation. The segmentation software, implemented
in python, can be downloaded from https://github.com/junqianxulab/
habenula_segmentation.
Fig. 1. In vivo 3 T 0.7mm isotropic resolution T1-weighted (T1w, top row), T2-weighted (T2w,middle row), andmyelin-sensitive (bottom row) images, zoomed in on the habenula region
(white arrows), from a representative subject. Left, middle, and right column contain sagittal, coronal, and axial views, respectively.
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Starting from amanually chosen seed voxel within the Hb, a sphere-
shaped permissive ROI large enough to contain voxels completelyFig. 2. In vivo 7 T 0.6 mm isotropic resolution T1-weighted (T1w, top row), T2*-weighted (T2*
region (white arrows), from a representative subject. Left, middle, and right column contain sasurrounding theHbwas initialized (see Appendix A). This stepwas per-
formed for both the left and right Hb, resulting in two potentially over-
lapping spherical ROIs (Fig. 3B, yellow outlines).w, middle row), and myelin-sensitive (bottom row) images, zoomed in on the habenula
gittal, coronal, and axial views, respectively.
Fig. 3. Step-by-step segmentation results on a representative coronal slice of a myelin-sensitive images through the middle of habenula. Panels B–F are expanded views of the black
rectangle in A. Colored outlines in (B–E) represent the boundaries resulting from each segmentation step: (B) initial (yellow) and template based (red, performed after results from
steps in C as indicated by the orange arrow) region of interest selection; (C) histogram-based thresholding of T1w and T2w images (cyan) and of the myelin-sensitive images (green);
(D) region growing (blue); and (E) geometric constraints (red, called Hb segmentation in the text). In panel E, the black and white lines indicate the lateral and inferior limits for the
habenula, respectively; these have excluded the voxels outlined in blue (yellow arrow). Panel F shows the ﬁnal segmentation results, including partial volume estimation for border
voxels (brighter red represents greater portion of habenula). A myelin-sensitive image thresholding value of α= 0.9 was used for this example [Eq. (2)].
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In order to restrict the initial ROIs to more tightly surround the Hb,
histogram-based intensity thresholding was applied. Intensity histo-
grams from in vivo T1w and T2w human brain images usually follow a
multimodal distribution due to heterogeneous tissue components. As
the high myelin content of the Hb (Fig. 4) typically results in hyper-
intensity in T1w (Fig. 1, top row) and hypointensity in T2w (Fig. 1, mid-
dle row) images, Gaussian curves were ﬁt to the most prominent peaks
of the T1w and T2w intensity histograms (see Inline Supplementary
Figure S1A and C, respectively). Speciﬁcally, the intensity ranges of
these peaks were deﬁned as
modeT1w  maxT1w modeT1w2 ; maxT1w
 
and
0; modeT2w þmaxT2w modeT2w2
 Fig. 4. A coronal slice of myelin stained histology, reproduced with permission from the publish
image (B) show the habenula (Hb, solid white arrows) as hypointense compared to the surrou
matter tissue, such as the fornix (B, dashed black arrows) and the mammillothalamic (MTh)
expanded from B). The most hypointense region within habenula reﬂects the emergence of fafor the T1w and T2w histograms, respectively. After deﬁning themeans
(μ) and standard deviations (σ) within these intensity (I) ranges by
Gaussian ﬁtting, voxels in the initial ROIs not meeting the thresholding
criteria indicated in Eq. (1) were excluded:
IT1w N μT1w−2σT1w and IT2w b μT2w þ 2σT2w ð1Þ
Inline Supplementary Fig. S1 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2016.01.048.
This served to exclude mostly cerebral spinal ﬂuid (CSF) voxels.
After applying this ﬁrst-pass thresholding, the T1w and T2w image
intensity histograms of the remaining voxels were ﬁtted again to
Gaussian distributions (see Inline Supplementary Figure S1B and
D) to deﬁne μ ' T1w, σ ' T1w, μ ' T2w, and σ ' T2w. Similar to the ﬁrst-
pass thresholding, voxels not meeting the thresholding criteria indicat-
ed in Eq. (2) were excluded:
IT1wNμ 0T1w; IT2w b μ
0
T2w; and IMyelinN
μ 0T1w þ ασ 0T1w
μ 0T2w−ασ
0
T2w
; ð2ÞerWilliams &Wilkins (Riley, 1943) (A), and an axial proton density-weighted ex vivoMR
nding thalamus. The majority of the habenula shows contrast similar to myelinated white
tract (B, dashed white arrows). Subdivisions within the habenula are also apparent (C,
sciculus retroﬂexus (FR) ﬁbers (C, black arrows).
149J.-W. Kim et al. / NeuroImage 130 (2016) 145–156where α is a constant (Fig. 3C, cyan color from T1w and T2w intensity
thresholding, green color from myelin-sensitive intensity thresholding
indicated in Eq. (2)). This second-pass thresholding reﬁnes the results
from the ﬁrst step by applyingmore conservative T1w and T2w thresh-
olds and further restricts the resulting Hb voxels by adding a myelin-
sensitive image intensity threshold. Among these thresholding criteria
in the second-pass, the most inﬂuential is the myelin-sensitive image
intensity threshold. As this depends on the α value, we systematically
evaluated the Hb segmentation results for a range of α values (see
Myelin-sensitive image threshold constant α section). An α value of
0.9 was empirically chosen for all other evaluations in this manuscript.
The initial ROI and intensity thresholding depend heavily on the
locations of the manually chosen Hb seed voxels. To decrease this sen-
sitivity and improve robustness, left and right center of mass voxels
resulting from the previous two steps were used as new seed voxels,
from which updated left and right ROIs were formed based on a Hb
template ROI (Appendix B). The thresholding steps were repeated
using these new Hb template-shaped ROIs (Fig. 3B, red outlines). The
resulting voxels are called thresholded Hb regions in the following
sections.
Region growing
To reduce the between-subject bias of α, the optimal value of which
may differ across subjects, a region growingmethodwas used. Since the
intensity differences between Hb and CSF voxels are typically large
enough to be independent of α values, this methodwas only performed
between the thresholded Hb voxels and the surrounding thalamus
voxels; values were calculated for left and right Hb regions indepen-
dently. From a voxel v of intensity Iv to a region R, the intensity distance
dI(v, R) is deﬁned as
dI v; Rð Þ ¼
Iv−μR
 
σR
; ð3Þ
where μR is the mean and σR is the standard deviation of intensities in
R. A thalamus (Thal) ROI was deﬁned as the voxels within the updated
Hb template-shapedROIwith an L1 distance (i.e., rectilinear distance) of
less than three voxels to any thresholdedHbvoxel and thatmet the T1w
and T2w intensity threshold criteria in Eq. (1). Note that consequently,
the thalamus ROI changes whenever Hb region changes. Starting with
the thresholded Hb regions from the previous step, each boundary
voxel v in Hb or Thal was assigned to Hb only if dI(v, Hb) b dI(v, Thal).
This step was iterated a maximum of 10 times or until convergence,
meaning no exchange of Hb or Thal voxel assignments (Fig. 3D, blue
outlines).
Geometric constraint
In order to correct for overestimation of the Hb region in the previ-
ous steps (Fig. 3E, blue outline), mainly due to the ambiguity of the Hb
boundary near the FR (Fig. 4C, black arrows) and with the thalamus
laterally, geometric constraints were applied. Such an approach is con-
sistentwith previouswork by Lawson et al. (2013), whoperformed seg-
mentation on coronal slices using several geometric constraints near the
Hb presumed invariant across subjects.
One of the geometric constraints used by Lawson et al. was a hori-
zontal line x (see Lawson et al., 2013, Fig. 2), representing the inferior
limit of Hb right above the habenular commissure. We adopted this
constraint but implemented the horizontal line without manually
deﬁning the intersection between the medial boundary of the Hb and
the posterior/habenular commissure (point A in Lawson et al., 2013,
Fig. 2). Anatomically, themedial boundary of theHb for a given horizon-
tal line in a coronal slice is next to CSF. We therefore set a criterion for
the medial boundary of the Hb voxels to be within two voxels of CSF
voxels; this value was chosen empirically to account for partial volume
effects. Voxels were deﬁned as CSF if they had a T1w intensity less than
μT1w− 2σT1w from Eq. (1). The most inferior row satisfying the abovecriterion deﬁned an inclusive horizontal line as the inferior limit of Hb
voxels in the coronal slice (Fig. 3E, white lines).
Another geometric constraint used by Lawson et al. was a line z
(see Lawson et al., 2013, Fig. 2) between the superior aspect of the Hb
and the lateral aspect of the mesopontine junction, used to deﬁne the
boundary between the Hb and thalamus, which shows no concaveness
based on histology or in published atlases (Riley, 1943; Mai et al., 2007;
Hawrylycz et al., 2012). To avoid manually selecting a heuristic land-
mark (point C in Lawson et al., 2013, Fig. 2), we set a criterion, based
on the morphology of the Hb, that the inferior–superior coordinate of
the most superior voxel in each column of Hb voxels in a coronal slice
should monotonically decrease as the column moves laterally. The
most lateral column satisfying this second criterion deﬁnes an inclusive
vertical line as the lateral limit of the Hb voxels in the coronal slice
(Fig. 3E, black line; Appendix C). The resulting voxels are called Hb
segmentation (Fig. 3E, red outlines) in the following sections. All Hb
segmentation results from HCP in vivo 3 T MR images were visually
inspected by an expert neuroanatomist (TPN) together with two expe-
rienced researchers (JWK and JX).Partial volume estimation
As the size of the habenula is small, typicallymore than two thirds of
the Hb voxels from previous stepswere boundary voxels. Hence, partial
volume estimation was applied to allow a better approximation of the
segmented habenula volume. The partial volume of each voxel inside
and outside the Hb boundary was determined using the myelin-sensi-
tive images alone due to its CNR advantage over T1w or T2w images
(Fig. 6). Estimationwas based on each boundary voxel's intensity differ-
ence from its neighboring voxels, which included faces, edges, and ver-
tices, giving a maximum of 26 neighboring voxels. Note that every
boundary voxel necessarily had neighboring voxels inside and outside
the Hb. The partial volume of a boundary voxel is deﬁned as Iv−MoutMin−Mout,
where Iv is the myelin-sensitive image intensity of the boundary
voxel, while Min andMout are mean myelin-sensitive image intensities
of the neighboring voxels inside and outside of the Hb, respectively.
After assigning partial volume values to all boundary voxels and com-
plete volumes to all inside voxels, the Hb volume was calculated in
units of mm3. These combined Hb segmentation and boundary voxels
(Fig. 3F) and their corresponding volumes are called Hb segmentation
with partial volume estimation in the following sections.Habenula-thalamus contrast-to-noise ratio (CNR)
We evaluated the Hb-thalamus CNRs among T1w, T2w, andmyelin-
sensitive images with and without bias ﬁeld correction. The Hb signal
intensity for calculating CNR was the mean intensity of the Hb segmen-
tation before partial volume estimation (results from the Geometric
constraint section). The thalamus signal intensitywas themean intensi-
ty of any voxels that were within two voxels of any Hb segmentation
voxels, with CSF voxels excluded by applying Eq. (2). In the CNR calcu-
lations, the absolute difference betweenhabenula and thalamus intensi-
tywasused as contrast (i.e., numerator),while the standard deviation of
the thalamus voxel intensities was used as noise (i.e., denominator).Signal intensity correlation
In order to evaluate systematic variations in T1w, T2w, and myelin-
sensitive image intensities, we manually deﬁned representative
anatomical regions around the Hb with relatively uniform T1w image
intensities for pairwise signal intensity correlations. Regions selected in-
cluded the head of the caudate nuclei, splenium of the corpus callosum
(CCs), and CSF (see Inline Supplementary Figure S5B).
Inline Supplementary Fig. S5 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2016.01.048.
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To investigate the heterogeneity of myelin-sensitive image intensi-
ties in the segmented Hb, we ﬁt the myelin-sensitive image intensity
histograms to the gamma distribution:
x−x0ð Þk−1e− x−x0ð Þ=θ
θkΓ kð Þ
; ð4Þ
where Γ(k) is the gamma function, x is the myelin-sensitive image in-
tensity values, and k (shape) and θ (scale) are the parameters to be ﬁt.
For the ﬁtting, we set x0 to the minimum intensity in the histogram
and ran a least squares curve-ﬁtting module [optimize.curve_ﬁt using
the default convergence tolerance and maximum iteration, in SciPy Py-
thon library 0.14.0 (SciPy, 2001)] to determine the values of k and θ for
each subject.
MNI space transformation
To approximate the location of the Hb in standard atlas space, Hb
segmentation regions were binarized and transformed to the Montreal
Neurological Institute brain template (MNI152) using the non-linear
transformations (acpc_dc2standard.nii.gz) incorporated into the HCP
PreFreeSurfer pipeline. These transformed Hb segmentation regions
were averaged to yield a single image representing a probabilistic mapFig. 5. Correspondence of the topological distribution of myelin contrast in the human habenula
Fig. 4, with permission fromWiley-Liss, Inc.) and coronal proton density-weighted ex vivoMR
boundary and internal boundary between the medial (MHb) and lateral (LHb) habenula. Hypo
stria medullaris (SM), and fasciculus retroﬂexus (FR) can be observed from both histological st
habenula, greater myelination is evident for the lateral than medial aspect (D). White arrows iof Hb in the MNI152 space (see MNI space transformation in Results
section).
Statistical analysis
Paired t-tests (two-tailed) were performed to compare the
habenula-thalamus CNRs in T1w, T2w, and myelin-sensitive images.
Pairwise Pearson correlations between the Hb, caudate, CCs, and CSF re-
gions were calculated for T1w, T2w, and myelin-sensitive image inten-
sities to evaluate systematic image intensity variations. All statistical
tests were performed using R version 3.2.1 (R Core Team, 2015).
In vivo and ex vivo 7 T data manual segmentation
To validate our approach, we compared the segmented Hb volumes
from 3 T in vivo images withmanually segmented in vivo and ex vivo 7 T
data, as these allowed for higher spatial resolution and CNR. The Hb
boundaries were deﬁned based on image hyperintensity (for in vivo
7 T myelin-sensitive images) or hypointensity (for ex vivo PDw images)
by an expert neuroanatomist (TPN) together with two experienced re-
searchers (JWK and JX). Manual segmentation was facilitated by the
more conspicuous Hb contrast of in vivo 7 T myelin-sensitive images
and ex vivo 7 T PDw images relative to in vivo 3 T myelin-sensitive im-
ages (see Inline Supplementary Figure S4).betweenWeigert-stained coronal sections (left panel, A–F, adapted from Díaz et al., 2011
images (right panel, A′–F′) from this study. Dotted lines delineate the habenula-thalamus
intensities from highly myelinated ﬁbers in the LHb (white asterisk and arrow head in C),
aining (see Díaz et al., 2011, Table 2, for details) and ex vivoMR images. Within the lateral
n the MRI images (B′–F′) indicate artifacts due to tissue damage.
Fig. 7. Absolute values of the habenula-thalamus CNRs for 3 T in vivo T1w, T2w, and
myelin-sensitive images, without bias ﬁeld correction, from healthy HCP subjects (n =
49). Error bars represent standard errors. **p b 0.01; ***p b 0.001. Note that the sign of
the CNR value for T2w images was made positive in the ﬁgure for comparison.
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Results
Myelin contrast in ex vivo image and histology
Representative axial sections of the ex vivo PDw image conﬁrm
the habenula myelin contrast (Fig. 4B) but reveals substantial heteroge-
neity within the habenula (Fig. 4C). Comparison between the habenula
myelin contrast from histology in the literature (Fig. 5 left panel, A–F)
and ex vivo PDw images (Fig. 5 right panel, A′–F′) demonstrates close to-
pological correspondence between the MR image contrast and the dis-
tribution of myelinated ﬁbers in the habenula (Díaz et al., 2011).
Habenula segmentation results
A representative successful segmentation result is shown in Fig. 6.
All but one of the segmentation results from the 50 subjects were
deemed reasonable by the expert neuroanatomist (TPN). Follow-up
comparison with other successful segmentation cases and ex vivoMRI
data revealed that the one failed case was probably due to voxels of
the FR being assigned to the Hb (see Inline Supplementary Figure S3).
All subsequent analyses were performed based on the results from the
49 subjects with successful segmentation.
Inline Supplementary Fig. S3 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2016.01.048.
Habenula-thalamus CNR
The habenula-thalamus CNR (n = 49) for T1w, T2w, and myelin-
sensitive images without bias ﬁeld correction was 2.2 ± 0.2, 3.3 ± 0.5,
and 5.4 ± 1.0 (mean ± standard error), respectively (Fig. 7). Myelin-
sensitive images had signiﬁcantly (p b 0.001) higher CNRs than T1w
(250%) or T2w (161%) images. T2w images also had signiﬁcantly higher
CNRs than T1w images (p b 0.01, 155%).
With bias ﬁeld correction, the habenula-thalamus CNR (n= 49) for
T1w, T2w, and myelin-sensitive images was 1.8 ± 0.2, 3.3 ± 0.4, and
4.7 ± 0.7, respectively. Overall, the bias ﬁeld correction marginally
changed themagnitude of the habenula-thalamus CNRs (see Inline Sup-
plementary Figure S2). Nevertheless, the bias ﬁeld correction signiﬁ-
cantly reduced the habenula-thalamus CNRs for T1w (p b 10−8, 17%Fig. 6. A representative in vivo 3 T HCP subject case showing complete Hb segmentation results
myelin-sensitive image slices, from anterior (A) to posterior (G).decrease) and myelin-sensitive images (p b 0.05, 13% decrease) but
did not have a signiﬁcant effect on T2w images (p= 0.9, 1% decrease).
Inline Supplementary Fig. S2 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2016.01.048.
Myelin-sensitive image threshold constant α
Themean segmentation volume of all subjects at each segmentation
step for various α values in Eq. (2) was evaluated (Fig. 8). There was a
general negative correlation between α values and Hb volumes, partic-
ularly for the thresholded Hb regions (Histogram-based thresholding
section). However, the region growing step noticeably reduced these
negative correlations. The volume difference ratios of α= 0.6 to α =
1.0, as an indicator of this negative correlation, reduced from 1.6 after
the thresholding step to 1.2 after region growing step. The geometric
constraints shifted the mean Hb volume down by about one standard
error across all α values after removing overestimated voxels. As ex-
pected, the Hb segmentation with partial volume estimation is(red outlines, results from the Geometric constraint section) across the series of coronal
Fig. 8. In vivo 3 T mean Hb segmentation volumes (n = 49) decrease for increasing α
values in Eq. (2). An empirical α value of 0.9 was chosen for all other evaluations in this
manuscript. The mean Hb center of mass distances (y axis on the right of the ﬁgure)
from α= 0.9 (★) to other α values differ insigniﬁcantly. Error bars represent standard
errors. Each color represents the results after applying the corresponding step in the
legend, with all previous steps applied (as ordered from top to bottom in the legend
except for the “Center of Mass Distance to ★”).
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portion of boundary voxels.
The expert neuroanatomist (TPN) was not able to determine a pre-
ferredα value that consistently outperformed otherα values across sub-
jects, after inspection of the segmentation results. The centers ofmass of
the ﬁnal Hb segmentation results were consistent across different α
values (Fig. 8, black dots). The largest mean difference was 0.59 voxels
betweenα=0.6 and α=0.9. Only three of the 49 subjects had α-relat-
ed Hb center of mass differences of more than two voxels.Effects of segmentation steps on segmented habenula volume
Fixing α to 0.9, the bilateral Hb volumes (mean ± standard devia-
tion, n = 49) after the thresholding, region growing, geometric con-
straint, and partial volume estimation steps were 26.3 ± 6.2, 36.3 ±
9.1, 33.7 ± 9.2 and 42.5 ± 8.0 mm3, respectively (Fig. 9). For most sub-
jects (n = 30), there were more signiﬁcant segmentation changes
between the thresholding step and the region growing step than any
other steps. In approximately half of subjects (n = 25), the geometric
constraints step effectively removed FR voxels wrongly assigned as HbA
Fig. 9. Groupwise (A, box plots) and individual (B, line graph) in vivo 3 T Hb volumes (n= 49)
partial volume estimation steps. In the box plots, dots, middle lines, boxes, and caps represent m
was sorted based on the Hb segmentation with partial volume estimation.in the previous step, causing a decrease ofmore than 5% in the segment-
ed volume. Finally, the partial volume estimation step increased the av-
erage volume by 26%.Habenula volumes
TheHb segmentationwith partial volume estimation yielded (mean±
standard deviation, n= 49) a left Hb volume of 21.1 ± 5.2 mm3 and a
right Hb volume of 21.3 ± 4.5 mm3. Manual segmentation of two
ex vivo Hb tissue samples yielded left Hb volumes of 35.7 mm3 and
33.2 mm3 and right Hb volumes of 36.1 mm3 and 33.7 mm3. Manual
segmentation of in vivo 7 T images (n= 6) yielded left Hb volumes of
18.3± 2.3mm3 and right Hb volumes of 17.9± 2.1mm3. The segment-
ed left and right in vivo3 THbvolumeswere comparedwith those in the
literature (Table 1): postmortem histology (Ranft et al., 2010) and
in vivo T1w MR images with landmark-based (Lawson et al., 2013) or
manual (Savitz et al., 2011b) segmentation; and manual segmentation
results from in vivo 7 T and ex vivoMR images.Signal intensity correlations
As expected, both T1w and T2w signal intensities were strongly
pairwise correlated (r ≥ 0.65) between the Hb, caudate, CSF, and CCs,
with the exception of T1w signal intensity correlations between the
CSF and the other regions due to the low T1w intensity in CSF. The my-
elin-sensitive image signal intensity in these regions all showed
reduced pairwise correlations relative to the corresponding T1w
and T2w signal intensity correlations, yielding moderate CSF-Hb (r =
0.47), Hb-CCs (r = 0.40), and Hb-caudate (r = 0.56) correlation
strengths (see Inline Supplementary Table S1; for individual line graphs
see Inline Supplementary Figure S5A).
Inline Supplementary Table S1 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2016.01.048.Gamma distribution
The mean ± standard deviation (n= 49) of k and θ were 1.6 ± 0.4
and 0.8 ± 0.4, respectively, consistent with highly skewed but only
moderately variable gamma distribution (see Inline Supplementary
Figure S6).
Inline Supplementary Fig. S6 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2016.01.048.B
after applying histogram-based thresholding, region growing, geometric constraints, and
eans, medians, quartiles, and standard deviations, respectively. The individual line graph
Table 1
Summary of habenula volumes (mean ± standard deviation) in the literature. LHb: lateral habenula; MHb: medial habenula.
Ranft et al. (2010)
(postmortem histology),
n= 13
Lawson et al. (2013)
(in vivo T1w),
n= 24
Savitz et al. (2011b)
(in vivo T1w),
n= 74
This study
(in vivo T1w/T2w),
n= 49
Left Hb (mm3) 27.57 ± 5.05 (LHb)
3.35 ± 1.33 (MHb)
31.6 ± 5.0 19.5 ± 5.2 21.1 ± 5.2
Right Hb (mm3) 29.59 ± 4.83 (LHb)
3.64 ± 0.97 (MHb)
32.9 ± 4.7 17.0 ± 4.7 21.3 ± 4.5
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A probabilistic map of the Hb segmentation regions transformed to
the standardMNI space is shown in Fig. 10. Excluding the lowest decile,
the mean± standard deviation (n=49) of the probabilities was 0.3 ±
0.2. The MNI coordinates (x, y, z) of the probability-weighted centers of
mass were (−2.7,−24.3, 2.2) for the left Hb and (4.0,−23.6, 2.2) for
the right Hb. The MNI coordinates of the voxels with the maximum
probability of being in the left Hb were (−3.1,−25.2, 1.5) and in the
right Hbwere (3.9,−23.8, 2.2). Voxels in the averaged Hbwere located
between 0 and 5.0 mm anterior to the PC, between−1.3 and 6.4 mm
superior to the AC–PC line, between 1.0 and 5.2 mm left of the AC–PC
line for the left Hb, and between 2.5 and 6.0 mm right of the AC–PC
line for the right Hb. The principal axes (i.e., the eigenvector corre-
sponding to the largest eigenvalue of the moment of inertia) of the av-
eraged left and right Hb were (−0.38, 0.41, 0.83) and (0.30, 0.51,
0.81), respectively (Fig. 10D and F, dashed blue lines, respectively).Discussion
In this study, we demonstrated an objective semi-automated Hb
segmentation scheme to successfully segment the Hb region based on
high-resolution 3 T in vivo T1w and T2w structural images. This
segmentation scheme relies on the fact that the Hb has higher myelin
content than the surrounding thalamus, which can be accentuated by
generating myelin-sensitive images from the ratio of T1w to T2w im-
ages. These myelin-sensitive images have higher habenula-thalamus
CNR than T1w or T2w image alone. When taking into account acquisi-
tion time (i.e., acquiring separate T1w and T2w images to generate
myelin-sensitive images versus acquiring two T1wor T2w scans and av-
eraging them to improve CNR, which takes a similar amount of scanFig. 10. T1w MNI152 template images (A–C) overlaid with the transformed and averaged Hb s
voxel being assigned to the averaged Hb segmentation is represented by the color scale t
segmentation volumes. θ (D) is the angle between the inferior–superior axis (solid blue line i
plane. ϕ (F) is the angle between the inferior–superior axis and the projected principal axis t
as a reference landmark.time), the CNR of a repeated and averaged T2w image could approach
those of a myelin-sensitive image. In practice, however, acquiring a
T2w imagewithout a T1w image is uncommon in neuroimaging studies
and would limit the ability to utilize standard analysis pipelines. On the
other hand, the addition of a high-resolution T2w image to the standard
T1w image can not only enrich image contrast for subcortical structures
but also be used to improve the robustness of pial surface generation
(Glasser et al., 2013) for cortical myelin content mapping. Given the
wide availability of T1w and T2w sequences on standard 3 T scanners,
in our opinion, acquiring a pair of high-resolution T1w and T2w images
is preferable to repeating either sequence for in vivo 3 T neuroimaging
studies of the Hb.
Wechose not to correct for biasﬁeld as doing so slightly decreased the
myelin-sensitive image CNR. This may be an effect of the spatial smooth-
ing (FWHM=5mm) applied to the bias ﬁeld map (Glasser et al., 2013).
Although we have not evaluated the effect of lower smoothing or using
other bias ﬁeld estimation algorithms, our ﬁndings suggest the ﬁnal Hb
segmentation results do not depend heavily on bias ﬁeld correction.
The most highly myelinated portions of the Hb are concentrated
on the stria medullaris (SM), lateral LHb, and FR, all of which border
the dorsomedial thalamus from the dorsal anterior to ventral lateral
part of the Hb (Díaz et al., 2011). This fact provides the histological
basis for the proposed segmentation scheme to distinguish the Hb-
thalamus boundary more accurately than existing methods. Never-
theless, these highly myelinated areas do not entirely enclose the Hb,
especially toward the ventral posterior portion (Díaz et al., 2011),
which requires additional geometric constraints based on anatomical
landmarks for accurate segmentation (Geometric constraint section).
It is also difﬁcult to distinguish the exact boundary between the SM
and dorsal lateral LHb, and between the lateral LHb and FR, even in
histology (Fig. 5A–F). In fact, animal literature shows that certain mye-
linated ﬁber do not terminate at Hb, but rather pass through the Hbegmentation volumes in coronal (A), axial (B), and sagittal (C) views. The probability of a
o the right. The corresponding cut plane views (D–F) show a 3D rendering of the Hb
n D and F) and the projected principal axis (dashed blue line in D and F) to the coronal
o the sagittal plane. The red dot (A) and the brown lines (D–F) represent the AC–PC line
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limitation likely caused the one case of FR beingmistakenly assigned as
Hb in our 3 T in vivo cohort (see Inline Supplementary Figure S3). A ro-
bust and objective correction of such failed cases, either algorithmically
ormanually, would require better in vivo contrast between FR andHbor
a better understanding of the anatomical relationship between the FR
and Hb through ex vivo imaging (Fig. 4C).
The heterogeneous distribution and density of myelinated ﬁbers
within the Hb in histology (Díaz et al., 2011) resulted in a correspond-
ingly heterogeneous PDw contrast in our ultra-high-resolution
(200 μm) ex vivo images (Fig. 5) and probably also accounts for the het-
erogenous quantitative T1 and T2* contrasts in a previous even higher
resolution (60 μm) ex vivo study (Strotmann et al., 2013). Despite this,
our high-resolution (0.6–0.7 mm isotropic) in vivo 3 T (Fig. 1) and 7 T
(Fig. 2) images did not clearly distinguish Hb subdivisions. This is
most likely due to obfuscation of such subdivisions by partial volume ef-
fects, which may have been exacerbated by subjects' bulk and physio-
logical motion (esp. CSF pulsation) in vivo. Nevertheless, we were able
to detect a highly skewed intensity distribution within segmented Hb
myelin-sensitive images in vivo (see Inline Supplementary Figure S6),
consistent with the known internal heterogeneity of the Hb.
One consequence of the heterogeneous myelin content in the Hb is
expected to be a systematic bias toward highly myelinated portions of
the Hb for any segmentation algorithm based primarily on anatomical
image contrast. This bias will include both overestimation of the voxels
bordering the SM (Fig. 9A) and FR (Fig. 9D–E), and underestimation
of the voxels located at the ventral medial portion of the Hb. This obser-
vation, together with the small number of SM and FR voxels relative to
the less myelinated voxels in the ventral medial Hb, may account for
why the in vivoHb volumes reported here at 3 T and 7 T and previously
reported elsewhere (Savitz et al., 2011a, 2011b) are consistently smaller
than those we and others have reported ex vivo (Ranft et al., 2010). The
implication of this myelination bias depends on what, if any, functional
distinction exists between regions of high vs. low myelination within
the Hb, which remains an open question. It is worth noting that neu-
rons of the human Hb are also heterogeneous in their morphological
and cytochemical proﬁles (Díaz et al., 2011), which presumably re-
ﬂects their complex functional roles. Correlating cellular features
with the myelin content of the Hb in future studies will help inform
the interpretation of in vivo Hb segmentation results from different
approaches. Relatedly, the myelination bias of our segmentation
scheme may enhance its sensitivity to possible degeneration of Hb
neurons and/or efferent axons in psychiatric disorders, such as
have been reported in animal models of substance abuse (Ellison,
1992; Lax et al., 2013). However, further study of psychiatric popula-
tions is needed to ascertain the extent to which such degeneration, if
present in human, reduces Hb image contrast and therefore the reli-
ability of our segmentation scheme.
The proposed Hb segmentation scheme is objective (i.e., free from
manual delineation of the Hb), despite a few thresholding criteria
used in each segmentation step, chosen based on a combination of
established literature, histological evidence, reference atlases, and em-
pirical testing. Indeed, the resulting Hb segmentation volume depends
on the myelin-sensitive image threshold constant α (Myelin-sensitive
image threshold constant α section). Higher α values deﬁne smaller
Hb volumes and vice versa. Encouragingly, all segmentation results
were reasonable according to the expert neuroanatomist (TPN) and
the Hb centers of mass in our study were consistent over a range of α
values (Fig. 7, black) despite this threshold value dependency. More-
over, the variation in center ofmass (n=49)was less than two anatom-
ical voxels (b1.4 mm), making it sufﬁciently small to have little or no
effect on placement of seed voxels in fMRI or dMRI studies
(typically ≥ 1.5mmisotropic resolution at 3 T). Hence, our segmentation
scheme provides a robust, objective, and anatomically grounded ap-
proach for selecting Hb seed voxels for fMRI and dMRI application
(Shelton et al., 2012; Strotmann et al., 2014; Lawson et al., 2014;Hennigan et al., 2015; Erpelding et al., 2014; Ely et al., under revision).
For Hbmorphological studies, the choice of the optimalα valuemay de-
pend on image resolution and/or image contrast, which will need to be
explored further.
The average MNI-transformed centers of mass of the left (−2.7,
−24.3, 2.2) and right (4.0,−23.6, 2.2) Hb in our study are very close
to those previously reported by Lawson et al. (left Hb: −2.8, −24.4,
2.3; right Hb: 4.8, −24.1, 2.2). These highly concordant results from
two independent approaches demonstrate the reliability of groupwise
Hb seeding for fMRI studies. Despite this group-level center of mass
correspondence, our study also reveals high variance in individual
Hb boundaries following transformation to MNI space (MNI space
transformation section), indicating additional challenges for optimal
group-level averaging and structural-to-functional MRI space transfor-
mation for this region.
We speculate that our segmentation schemebased onmyelin contrast
is more sensitive to individual Hb morphological variability than the
existingHb segmentationmethods, which is important for detecting neu-
robiological changes in Hb in psychiatric disorders. Compared to manual
segmentation based on T1w contrast (Savitz et al., 2011b), our signal in-
tensity correlation results (Signal intensity correlations section) suggest
that myelin-sensitive image intensity is less prone to systematic signal
variation. Hence, our segmentation results are likely less prone to system-
atic bias than those by manual segmentation despite the low intra/inter-
rater variability achievable from the latter. Additionally, the fact that our
segmentation scheme is entirely based on local MR signal properties
and includes an estimation of partial volume effects makes our method
more appropriate for individual Hb morphological analysis than geomet-
ric landmark-based Hb segmentation methods (Lawson et al., 2013).
To achieve consistent and objective Hb segmentation results in
our scheme, prior knowledge about the morphology of the Hb, based
on histology and other literature (Díaz et al., 2011; Mai et al., 2007;
Hawrylycz et al., 2012),wasused for generating theHb shaped template
ROI (Histogram-based thresholding section), which require AC–PC
alignment. Similarly, our geometric constraints (Geometric constraint
section) are dependent on AP–PC aligned coronal slices. Hence, we rec-
ommend users apply the current software implementation (github ver-
sion 1.0) of the segmentation scheme only on AC–PC aligned images.
In addition to the 0.7mm isotropic resolution HCP structural images,
we have also successfully applied the algorithm to structural data at 0.8
and 0.9 mm isotropic resolutions acquired from a standard 3 T clinical
scanner (see Inline Supplementary Figures S7 and S8). These results
are encouraging and suggest a certain degree of consistency and reli-
ability of the proposed segmentation scheme, although a systematic
evaluation across in vivo structural image resolution is beyond the
scope of this study.
Inline Supplementary Figs. S7 and S8 can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2016.01.048.
Recently, quantitative T1 mapping has shown great promise for
elucidating cortical myelin content (Sereno et al., 2013; Geyer et al.,
2011; Lutti et al., 2014), especially with the ultra-high-resolution
afforded at 7 T (Bazin et al., 2014) and the ever-increasing availability
of optimized T1 mapping acquisition protocols at 7 T (Marques and
Gruetter, 2013). Indeed, a recent study used T1 mapping, together
with T2*mapping, to study the Hbwith 0.8 mm isotropic in vivo resolu-
tion at 7 T (Strotmann et al., 2014). Strotmann et al. concluded that the
low T1 value of the Hb was due to the unusually large number of mye-
linated ﬁbers, whereas its low T2* value was the result of high iron con-
tent; these inferences were based on a quantitative ex vivo study of the
contributions ofmyelin and iron toMRI contrastmechanisms (Stüber et
al., 2014). Although we agree with Strotmann et al. regarding the effect
of myelination on Hb T1 values on the basis of histological evidence
(Díaz et al., 2011), we remain cautious about their interpretation of
iron as the source of the reduced Hb T2* value given that the cellular
composition of the Hb is neither similar to cortical gray matter nor to
iron-rich deep gray matter nuclei (e.g., the subthalamic nucleus,
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evidence regarding the iron content of the Hb has not yet been reported,
making this a topic of great interest for future research. Relevant to
the focus of the current study, we note the need for an objective
automated Hb segmentation method for quantitative imaging remains
the same as for non-quantitative imaging, so does further work
addressing the aforementioned limitations (e.g., myelination bias) of
our proposed Hb segmentation scheme for either quantitative or non-
quantitative imaging. While quantitative mapping has many advantages
(e.g., longitudinal comparison, multi-site studies, etc.) over qualitative
anatomical imaging, it is beyond the scope of this study to compare Hb
segmentation results based on qualitative myelin-sensitive images with
quantitative T1 and/or T2* mapping. We speculate that Hb localization
(i.e., center of mass) results would be comparable across these segmen-
tation methods, while it remains a challenge to assess the segmentation
accuracy of the Hb boundaries against the ground-truth histology.
As demonstrated by our 7 T results (Fig. 2) and by Strotmann et al.
(2014), and possibly in other publicly available 7 T data (Forstmann
et al., 2014), better in vivo contrast is possible at 7 T for Hb due to the
higher spatial resolution than can be achieved at 3 T. Of note, however,
we observed prominent venous vessel artifacts around the Hb region in
the T2*w images used to generate our in vivo 7 T myelin-sensitive im-
ages (see Inline Supplementary Figure S4, green arrow), which may
limit the use of T2*w images for reliable Hb contrast on 7 T data. For
this reason, we did not attempt to adapt our segmentation scheme to
the 7 T myelin-sensitive images presented in this study. Nevertheless,
high-resolution and high contrast 7 T Hb imaging (Strotmann et al.,
2014) and associated objective 7 T Hb segmentation schemes represent
a promising future research direction for more accurate Hbmorpholog-
ical and functional evaluation.
Conclusions
We have successfully implemented an objective semi-automated
Hb segmentation scheme for in vivo 3 T T1w and T2w images. The
segmentation scheme reliesmainly on the improved CNR ofmyelin-sen-
sitive images (i.e., T1w over T2w ratio images) due to the higher myelin
content in the Hb than the surrounding thalamus. In addition, in vivo 7 T
myelin-sensitive images and ex vivo PDw images, alongwith histological
evidence from the literature, strongly corroborated our in vivo 3 T Hb
myelin contrast. The proposed segmentation scheme represents a step
toward a scalable approach for objective Hb segmentation, suitable for
both morphological evaluation and fMRI applications. Future investiga-
tion is needed to evaluate the reproducibility of the proposed segmenta-
tion scheme under various acquisition and contrast conditions.
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Appendix A. Initial ROI
Let v0 be the seed voxel for the Hb. Then the radius l of the initial ROI
is the smallest integer satisfying
vjd v; v0ð Þ≤ lf gj jNV init ; ð5Þ
where v is a voxel, d(v, v0) is the L1-norm distance (i.e., sum of the abso-
lute coordinate distance for each axis) in voxel unit, and Vinit is a mini-
mum volume for ROI (e.g., Vinit = 300 voxels, l = 7 in this work to
include a sufﬁcient number of voxels surrounding the Hb). L1-norm dis-
tancewas used because of the relatively round shape of Hb and compu-
tational simplicity. Vinit and l can be changed depending on image
resolution.
Appendix B. ROI template
Human Hb shapes are usually of a skewed sphere with the superior
Hb regions centered more medially (Fig. 10D, θ ≅ 23°) and anteriorly
(Fig. 10F, ϕ ≅ 29°) than the inferior Hb regions (Fig. 10). To create
an ROI template representing this shape, we deﬁned a set of voxels
satisfying
x2
a2
þ y
2
b2
þ z
2
c2
≤1; z b 0
x−z=2ð Þ2
a2
þ y−z=2ð Þ
2
b2
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≤1; z≥0 for right Hb
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a2
þ y−z=2ð Þ
2
b2
þ z
2
c2
≤1; z≥0 for left Hb
8>>>><
>>>>:
; ð6Þ
where x, y, and z are right–left, posterior–anterior, and inferior–superior
coordinates, respectively, centered at the center of mass of previously
segmented Hb. Note that x± z/2 and y− z/2 move the centers of ellip-
ses to medial and anterior as z moves superiorly.
Appendix C. Geometric constraint—lateral limit
We deﬁne a function M(x) = maxy{y|(x, y) ∈ H} on each coronal
slice, where H is the segmented Hb and (x, y) represents (left–right, in-
ferior–superior) coordinates. Our criterion is that the function M(x),
representing the y coordinate of the most superior voxel for column x,
should monotonically decrease as x goes from medial to lateral. When
it does not monotonically decrease after x0, in other words, when
M(x0) b M(x1) where x1 is more lateral than x0, then x0 is the lateral
limit of Hb (Fig. 3E, black lines).
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